Breast cancer is a heterogeneous disease and several distinct subtypes exist based on differential gene expression patterns. Molecular apocrine tumours were recently identified as an additional subgroup, characterised as oestrogen receptor negative and androgen receptor positive (ERÀ AR þ ), but with an expression profile resembling ER þ luminal breast cancer. One possible explanation for the apparent incongruity is that ER gene expression programmes could be recapitulated by AR. Using a cell line model of ERÀ AR þ molecular apocrine tumours (termed MDA-MB-453 cells), we map global AR binding events and find a binding profile that is similar to ER binding in breast cancer cells. We find that AR binding is a near-perfect subset of FoxA1 binding regions, a level of concordance never previously seen with a nuclear receptor. AR functionality is dependent on FoxA1, since silencing of FoxA1 inhibits AR binding, expression of the majority of the molecular apocrine gene signature and growth cell growth. These findings show that AR binds and regulates ER cis-regulatory elements in molecular apocrine tumours, resulting in a transcriptional programme reminiscent of ER-mediated transcription in luminal breast cancers.
Introduction
The sex steroid hormones oestrogen and androgen are critical for the normal homeostasis of breast and prostate tissue. Deregulation of these hormones leads to the development of tumours and a number of hormone therapies have been developed to successfully target these nuclear receptors. Approximately, two thirds of breast cancers are dependent upon oestrogen receptor-a (ER) while the androgen receptor (AR) is classically thought of as the driver of prostate cancer development and progression (Cunha et al, 1987; Wilding, 1992) . However, the majority of breast cancers, both ER positive and negative, also express AR (Isola, 1993; Peters et al, 2009; Hu et al, 2011) . Furthermore, modulation of AR by specific ligands can stimulate or inhibit breast cancer cell growth depending on the cell line model used (Birrell et al, 1995 (Birrell et al, , 1998 .
In ER-positive breast cancer cells, AR has been shown to function in a growth inhibitory manner, by associating with oestrogen responsive elements (EREs) and impeding ER-mediated transcription (Peters et al, 2009 ). This would suggest that AR can have an inhibitory effect on ER transcription by occupying similar cis-regulatory elements within the genome. This hypothesis is supported by data showing that ER-positive breast tumours with high AR possess a better clinical prognosis (Peters et al, 2009; Park et al, 2010) .
The role of AR in ER-negative breast cancer is less well understood. Recently, a new subtype of breast cancer, termed Molecular Apocrine, has been characterised (Farmer et al, 2005; Doane et al, 2006; Teschendorff et al, 2007) . Molecular apocrine tumours are ER negative, but AR positive and in many cases they express genes that are normally expressed in ER-positive luminal tumours, including XBP-1, SCUBE2, SPDEF and FOXA1 (Doane et al, 2006) . Molecular apocrine tumours constitute 8-12% of breast cancers assessed by expression profiling in two separate studies (Farmer et al, 2005; Doane et al, 2006) . Interestingly, a cell line model of molecular apocrine breast cancer, termed MDA-MB-453, exists (Doane et al, 2006) , that are AR positive (Hall et al, 1994) and have a gene expression profile most similar to molecular apocrine tumours when compared with a range of ER-negative breast cancer cell lines (Doane et al, 2006) . There is speculation that in these ERÀ tumours, AR may be able to reside on common cis-regulatory domains, driving transcription of genes that influence cell growth in an ER-independent manner.
We aimed to clarify the role that AR plays in breast cancer cells that are ERÀ. Using the molecular apocrine cell line model, we mapped AR binding events by chromatin immunoprecipitation (ChIP) sequencing and determined the mechanisms underlying AR-mediated chromatin interactions and transcriptional potential.
Results
We aimed to define the transcription factor properties that govern molecular apocrine breast cancer cell transcription and growth. Previous work has shown that molecular apocrine tumours are AR þ ERÀ (Farmer et al, 2005) and the breast cancer cell line, MDA-MB-453, has been shown to have an expression profile most similar to that of molecular apocrine tumours (Doane et al, 2006) . We utilised MDA-MB-453 breast cancer cells, MCF-7 breast cancer cells and LNCaP cell, a model of prostate cancer, and assessed for expression of AR and ER by western blot. Figure 1A shows that MDA-MB-453 cells express comparable AR levels to LNCaP cells, but do not express ER. The western blots suggested that LNCaP cells do not express ER. Since AR or ER ligands can, in some cases, be promiscuous, we directly assessed whether MDA-MB-453 cells are dependent on the presence of the AR protein for soft agar colony formation. We transfected MDA-MB-453 cells with siControl or siRNA to AR and confirmed effective silencing of AR ( Figure 1B) . In MDA- MB-453 cells transfected with siRNA to AR, soft agar colony formation was significantly decreased ( Figure 1D ), confirming that molecular apocrine breast cancer cells are dependent on AR for their transformed phenotype. This experiment was confirmed with an independent siRNA targeted to AR (Supplementary Figure S1 ). To confirm a requirement of AR for proliferation of MDA-MB-453 cells, we treated cells growing in the presence of 10% fetal bovine serum (FBS) with 1 mM of the anti-androgen bicalutamide or vehicle control, for 5 days and assessed growth using an MTT assay ( Figure 1E ). Cells cultured in the presence of bicalutamide had significantly less growth than control cells (P-value o0.001) confirming previous results that anti-androgens can partially inhibit growth of MDA-MB-453 cells (Doane et al, 2006) . As AR can exhibit both genomic and non-genomic effects (Heinlein and Chang, 2002) , we aimed to determine whether AR was acting via direct interaction with the chromatin. MDA-MB-453 cells were hormone deprived and treated with vehicle, the synthetic androgen R1881 or bicalutamide for 4 h and AR ChIP was performed, followed by quantitative PCR of two genomic regions shown previously to be AR binding regions in LNCaPs (Massie et al, 2011) and ER binding regions in MCF7 cells (Ross-Innes et al, 2010) , respectively ( Figure 1F ). These data suggest that AR mediates its effects by binding to chromatin in a ligand-dependent manner, which can be perturbed by the addition of the anti-androgen, bicalutamide. To understand the AR transcriptional response, MDA-MB-453 cells were transfected with two independent siRNA pools to AR, total RNA collected and assessed for transcript levels of genes previously shown to be classic ER targets in luminal breast tumours (Sorlie et al, 2003) . Nine of these ER target genes were significantly decreased when AR was specifically silenced ( Figure 1G ) or treated with bicalutamide (Supplementary Figure S1 ). This suggests AR mediates transcription of these typical ER targets, many of which are also signature genes in molecular apocrine breast cancers (Sanga et al, 2009) .
We mapped AR binding events using ChIP followed by high-throughput sequencing (ChIP-seq) in asynchronous MDA-MB-453 breast cancer cells and LNCaP prostate cancer cells. We also mapped ER in MCF7 breast cancer cells. Binding events were called using MACS and 22 Figure S2) , illustrating that we are not missing shared binding events due to the stringency of our peak calling method. The strongest AR binding events in MDA-MB-453 cells are shared with either ER in MCF7 cells or AR in LNCaP cells ( Figure 2B ). Furthermore, binding events that we claim to be cell type specific are unique to that ChIP (Supplementary Figure S2 ). An example of binding events in all three cell lines is shown in Figure 2C . Our findings suggest that AR-chromatin interactions in molecular apocrine breast cancer cells occur in a manner that is more similar to ER in the breast than AR in the prostate.
To elucidate the mechanism dictating AR behaviour in MDA-MB-453 cells, we conducted a de novo motif search for transcription factors using the discovery tool Weeder to generate a position weight matrix (PWM) for all AR binding sites. This resulting PWM was similar to that of Forkhead proteins; FoxD1, P-value ¼ 3.64eÀ6, HNF3a, P-value ¼ 1.03eÀ5 and FoxA1 P-value ¼ 1.23eÀ5 ( Figure 2D ). Forkhead motifs have been identified in almost all previous ER mapping experiments in MCF-7 cells (Carroll et al, 2005 Laganiere et al, 2005; Lupien et al, 2008) . The shared and unique MDA-MB-453 AR binding events were also mined for overrepresented DNA sequence motifs. Genomic regions with a shared AR binding region in both MDA-MB-453 and LNCaP cells were called AR/AR, shared AR in MDA-MB-453 and ER in MCF-7 cells were termed AR/ER, a region found in all three contexts (AR in both MDA-MB-453 and LNCaP cells and ER in MCF-7 cells) were called common regions. We found the AR/ER regions contained motifs with similar properties to EREs including ESR2 and PPARG. The AR/AR shared regions were enriched for AR motif and the common binding regions were enriched for ER motifs ( Figure 2E ). It appears that traditional mechanisms are utilised by ER and AR to mediate binding in MCF7 and LNCaP cells, however, in the MDA-MB-453 cells AR may be able to utilise ERE-like motifs to bind to DNA. This was supported by data showing that the enriched motifs were in the centre of the binding regions, suggesting that AR-chromatin interactions are the direct mechanisms for AR binding to the genome, rather than a tethering mechanism ( Figure 2F ). Interestingly, the Forkhead motif was also enriched at the centre of the AR binding regions, implying potential cooperativity between AR and Forkhead proteins in mediating AR binding.
FoxA1 has recently been identified and characterised in mediating AR-chromatin interactions and ER-chromatin interactions and function in prostate and breast cancer cells (Carroll et al, 2005; Eeckhoute et al, 2006; Lupien et al, 2008; Wang et al, 2009; Bernardo et al, 2010; Hurtado et al, 2011) . Since Forkhead motifs were enriched within AR binding regions in molecular apocrine MDA-MB-453 breast cancer cells, we hypothesised that the Forkhead protein FoxA1 may be having a similar role with AR in the breast. This hypothesis is supported by the observation that FoxA1 is a signature gene of molecular apocrine tumours (Doane et al, 2006) . We subsequently mapped FoxA1 binding events by ChIP-seq in MDA-MB-453 breast cancer cells, combining two biological replicates. This resulted in a total of 99 774 FoxA1 binding regions in MDA-MB-453 cells. Surprisingly, we found AR binding events to be a near complete subset of the FoxA1 binding regions, with 98.1% of all AR binding events overlapping with a FoxA1 binding region ( Figure 3A ; an example region shown Figure 3C ). This overlap is substantially higher than the B50% overlap between ER and FoxA1 (Lupien et al, 2008; Hurtado et al, 2011) , suggesting that all AR binding events in molecular apocrine breast cancer cells may be mediated by FoxA1. The overlap at a more relaxed threshold is shown in Supplementary Figure S3 . As an independent validation, we used the Genome Structure Correction (GSC) statistic (Birney et al, 2007) to assess the extent to which co-binding between replicates and across conditions is likely to have occurred by chance ( Figure 3D ). Unsupervised clustering of the z scores shows high correlation not only between replicates but also between AR and FoxA1 in MDA-MB-453 cells.
In order to compare FoxA1 occupancy across the three cell lines, we also mapped FoxA1 binding events by ChIP-seq in 
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Fold enrichment 0 500 1000 -500 -1000 LNCaP prostate cell lines (65 371 binding events) and compared both data sets to published MCF7 FoxA1 binding data (Hurtado et al, 2011) . The FoxA1 binding regions across each cell line were distinct from each other, B50% overlapping regions between the two breast cancer cell lines ( Figure 3B ). Interestingly, FoxA1 and AR in the LNCaP prostate cell line also have a high level of concordance (82%) while FoxA1 and ER in MCF7 breast cancer cell only overlap by 52% ( Figure 3B ). To confirm that AR and FoxA1 form complexes on the chromatin, Re-ChIP experiments were performed. MDA-MB-453 cells were hormone deprived and treated with vehicle or androgen. AR/FoxA1 Re-ChIP was performed, followed by real-time PCR of a region found by ChIP-seq to be co-bound by AR and FoxA1. As a control, AR/IgG Re-ChIP was performed. The data confirm that AR and FoxA1 could co-occupy the chromatin, but only in a ligand-dependent manner ( Figure 3E) .
To explore the possibility that FoxA1 may be dictating AR binding in molecular apocrine cells, we transfected MDA-MB-453 cells with siControl or siFoxA1 (two independent siRNAs) and assessed for effective silencing of FoxA1 ( Figure 4A; Supplementary Figure S4 ). After silencing of FoxA1, AR binding was assessed by ChIP-qPCR at a number of the regions identified by AR ChIP-seq. The data confirmed that FoxA1 is required for AR to bind chromatin ( Figure 4B) . Critically, the silencing of FoxA1 did not alter total AR protein levels ( Figure 4A ). We extended this experiment and enriched for the chromatin fraction following silencing of FoxA1, followed by western blotting for AR. Total AR-chromatin recruitment was substantially inhibited when FoxA1 was silenced ( Figure 4C ; Supplementary Figure S4) , confirming a strong dependency on FoxA1 for AR-chromatin interactions.
To explore the role that FoxA1 plays in transcription in MDA-MB-453 cells, we conducted a microarray analysis of differentially expressed genes after silencing of FoxA1. Eight biological replicates (composed of two independent siRNAs to FoxA1) were performed and 730 FoxA1 regulated genes were identified, which included a number of classic ER target genes such as TFF1, XBP1 and RARA ( Figure 4D ; Supplementary Figure S5 ). Pathway analysis using GeneGo pathway maps shows enrichment for regulatory networks involved in cell cycle, development and cytoskeleton remodelling ( Figure 4E ). Following this, we investigated FoxA1's role in the growth of MDA-MB-453 cells in 3D culture. Cells were transfected with siRNA to FoxA1, plated in soft agar and after 12 days, colonies were counted. Silencing of FoxA1 resulted in fewer, smaller colonies ( Figure 4F ) implying a requirement of FoxA1 for growth.
To assess the significance of FoxA1-mediated transcription in a clinical setting, we compared the siFoxA1 gene expression values to the 100 gene molecular apocrine signature derived from meta-analysis of two independent patient data sets (Sanga et al, 2009) . The list of genes is provided in Supplementary Table 2. The majority (91%) of the genes in the molecular apocrine gene signature were significantly affected when FoxA1 was silenced in MDA-MB-453 cells ( Figure 4G ). This is a highly significant enrichment compared with all genes on the microarray of which 26% were affected by FoxA1 silencing (P-value o1eÀ10). Interestingly, 47% of these genes also have an AR and FoxA1 binding event within 10 kb of their transcription start sites. This is substantially higher than the expected value of 25% (P-value ¼ 4.2eÀ9). As such, FoxA1 is required for AR binding to chromatin and transcriptional activity of the genes that define AR þ ERÀ molecular apocrine breast cancers.
Discussion
Based on various clinical parameters, different subtypes of breast cancer are a well-known phenomenon. Gene expression microarrays allow for refinement of the breast cancer subtypes, based on the global expression profiles (Perou et al, 2000; Sorlie et al, 2001 Sorlie et al, , 2003 . Luminal breast cancers are characterised as ER positive, but a spectrum of ER-negative tumours exist. Recently, a novel subtype of breast cancer was reported, termed molecular apocrine, that is ERÀ and AR þ (Farmer et al, 2005; Doane et al, 2006) . Interestingly, many of the genes expressed in molecular apocrine tumours are ER target genes, traditionally expressed in ER þ luminal breast cancer. It is estimated that B8-12% of breast tumours possess features of molecular apocrine breast cancer.
Most ER-positive breast cancers are also AR þ (Park et al, 2010; Hu et al, 2011) . In an ER þ context, activation of AR appears to have an anti-proliferative effect on breast cancer cell proliferation and AR positivity predicts a beneficial clinical outcome in ER þ breast cancers (Peters et al, 2009; Park et al, 2010) . It has been suggested that AR can bind to similar cis-regulatory regions as ER, and given the correct stoichiometric ratio, AR can physically impede ER transcriptional activity (Peters et al, 2009) . Our data suggest that in a cell line model of molecular apocrine breast cancer, MDA-MB-453 cells (Doane et al, 2006) , that more than half of AR binding to the genome occurs in a similar pattern to ER binding in breast cancer cells. Therefore, in the absence of ER, it appears that AR is capable of mimicking ER in its ability to bind to DNA, at specific cis-regulatory elements in a transcriptionally active manner.
Interestingly, AR binding in molecular apocrine breast cancer cells, utilise the same mechanisms as ER in luminal breast cancer cells, namely the requirement for FoxA1 to mediate its interaction with chromatin. Almost all AR binding events occurred precisely at a FoxA1 binding event and it appears that essentially all AR binding is dependent on the presence of FoxA1 ( Figure 4C ). Since FoxA1 is a molecular apocrine signature gene marker (as is AR) (Doane et al, 2006; Sanga et al, 2009 ), development of a molecular apocrine tumour may depend on the presence of both the nuclear receptor (AR) and the pioneer factor (FoxA1). FoxA1 and AR binding in the LNCaP prostate cell line are also highly concordant while only half of ER and FoxA1 binding events overlap. As such, AR binding may be more dependent on the pioneering qualities of FoxA1, unlike ER where some binding to nucleosome-depleted euchromatic regions are less dependent on FoxA1 for direct chromatin associations (Hurtado et al, 2011) . The overlap in FoxA1 binding across the three cell lines was similar to what has been reported across three ER-positive breast cancer cell lines, MCF7, ZR75-1 and T-47D (Hurtado et al, 2011) .
Breast cancer and prostate cancer share many similar biological features and common components (Risbridger et al, 2010) . In the ERÀ context, AR is likely to utilise similar mechanisms and factors as ER, to regulate target gene transcription. These gene targets are pro-proliferative and growth of the cells is dependent on the presence of AR. Given the observation that most ER þ luminal breast cancers are also positive for AR (Peters et al, 2009) , the loss of ER expression may result in a shift from ER-to AR-mediated transcription. The switch from ER to AR transcriptional regulation would result in similar genes being expressed from common cis-regulatory domains, but growth would occur in a manner that is refractory to traditional breast cancer therapies. The lack of clinical benefit from ER antagonists, such as tamoxifen and aromatase inhibitors, is reflected in the poor clinical outcome of molecular apocrine tumours, when compared with luminal breast cancers (Farmer et al, 2005) . There has been speculation about the use of anti-androgens for the treatment of apocrine breast cancers (Farmer et al, 2005) , a hypothesis that warrants clinical investigation in light of our findings.
Materials and methods
Cell culture MDA-MB-453, MCF7 and LNCaP human cell lines were obtained from ATCC and grown in DMEM or RPMI (LNCaP) supplemented with 10% FBS and standard antibiotics. In all experiments, R1881
